Previous models suggested that regulation of telomere length in S. cerevisiae by Tel1(ATM) and 47 Mec1(ATR) parallel the established pathways regulating the DNA damage response. Here we 48 provide evidence that telomere length regulation differs from the DNA damage response in 49 both the Tel1 and Mec1 pathways. We found that Rad53 mediates a Mec1 telomere length 50 regulation pathway but is dispensable for Tel1 telomere length regulation, whereas in the DNA 51 damage response Rad53 is regulated by both Mec1 and Tel1. Using epistasis analysis with a 52 Tel1 hypermorphic allele, Tel1-hy909, we found that the MRX complex is not required 53 downstream of Tel1 for telomere elongation but is required downstream of Tel1 for the DNA 54 damage response. Since models that invoke a required end processing event for telomerase 55 elongation are primarily based on the yeast pathways, our data call for a re-examination of the 56 requirement for telomere end processing in both yeast and mammalian cells. 57 58 59 60 61 62 63 64 65 67 68 Telomere length regulation is critical for cell viability and disruption of length homeostasis leads 69 to disease (STANLEY AND ARMANIOS 2015). Telomerase adds telomere repeats onto chromosome 70 ends and redundant pathways tightly regulate this addition. In humans, decreased telomerase 71 activity causes short telomere syndromes (ARMANIOS AND BLACKBURN 2012) while telomerase 72 activation promotes cancer growth (GREIDER 1999). Thus, understanding the feedback pathways 73 for maintaining telomeres is critical to understanding disease. The Ataxia Telangiectasia-74 Mutated (ATM) and Ataxia-Telangiectasia and Rad3-related (ATR) checkpoint kinases play a role 75 in both sensing damage and maintaining telomeres around an equilibrium point in yeast (RITCHIE 76 et al. 1999) and in mammalian cells (LEE et al. 2015; TONG et al. 2015; DE LANGE 2018) yet their 77 underlying mechanisms remain unclear. 78 79
Introduction deletion of either SML1 or CRT1, and in mec1∆ sml1∆ or mec1∆ crt1∆ cells, dNTP production is 89 increased. mec1∆ sml1∆ and mec1∆ crt1∆ have different effects on telomere length which has 90 been attributed to the fact that SML1 and CRT1 regulate different pathways of dNTP production 91 (MAICHER et al. 2017) . Mec1 and Tel1 also both play a role in the DNA damage response, where 92 Mec1 has the greater effect. TEL1 deletion on its own does not show DNA damage sensitivity, 93 but strains with mutations in both TEL1 and MEC1 show higher sensitivity to DNA damage than 94 MEC1 mutation alone (MORROW et al. 1995) . These experiments indicate that TEL1 and MEC1 95 have roles in both the DNA damage response and telomere length regulation. In this study we used mutagenesis and epistasis analysis to show that RAD53 is in the MEC1 122 telomere length pathway. In addition, epistasis analysis showed the MRX complex acts both 123 upstream and downstream of Tel1 in the DNA damage response, as characterized by others. 124 However, strikingly, the MRX complex is only required upstream of Tel1 in telomere length 125 Yeast culturing, transformation, and sporulation were conducted as described in (GREEN AND 155 SAMBROOK 2012). Briefly, transformation was carried out on 50 mL of logarithmically cultured 156 cells treated with 0.1 M Lithium Acetate (LiAc, Sigma L6883). DNA was added to a 50 µL aliquot 157 of cells in addition to 50 µg boiled fish sperm carrier DNA (Roche 11467140001). Cells were 158 equilibrated at 30° for 10 minutes after which 0.5 mL 40% Polyethylene glycol (PEG4000, Sigma 159 P4338) containing 0.1 M LiAc was added. Cells were incubated at 30° for 30 minutes then heat 160 shocked at 42° for 15 minutes. Transformed cells were washed with sterile water and plated on 161 the appropriate selective media. In cases where an antibiotic selectable marker was used, cells 162 were recovered in 1 mL Yeast-extract Peptone Dextrose (YPD) at 30° for 3-4 hours before 163 plating. One-step integration was used for all integrated constructs. After transformation, 164 integration at the desired locus was confirmed by junction Polymerase Chain Reaction (PCR). In 165 cases where mutations were introduced, the region was amplified using Phusion HS II DNA 166 polymerase the amplicon was purified using AMPure beads (Beckman Coulter A63881), and 167 sequenced to confirm the presence of mutations in vivo. is critical for evaluating telomere length as telomere length can be sensitive to differences in 175 culturing time. In cases where the diploid genotype did not allow isolation of an important control, a second diploid, from which that control can be segregated, was dissected in parallel. 177
After tetrad dissection and replica plating to identify segregants of interest, haploids were 178 streaked to single cell on a YPD plate. This streak was designated as the first passage, after 179 which these cells are estimated to have undergone 40 population doublings. Subsequently, cells 180 were re-streaked repeatedly to increase the number of cell divisions. Each passaged plate was 181 incubated for 48 hours at 30° after which cells were picked from the streak dilution and re-182 streaked to single cell again on a fresh plate. Each passage is estimated to require 183 approximately 20 population doublings. Therefore, a strain passaged five times undergoes a 184 total of approximately 120 population doublings. At the desired number of passages, cells were 185 inoculated into a 5 mL liquid YPD culture and grown at 30° overnight or until saturated. Cell 186 pellets were saved at -20° until all time points had been collected, at which time genomic DNA 187 was extracted. Images of the plates at specific time points were taken to document potential 188 4°. Primary antibodies were diluted in blocking buffer and incubated at room temperature for 1 262 hour (Sigma Aldrich M2 Flag at 1:1,000; Invitrogen 22C5D8 Pgk1 at 1:6,000; Roche 12CA5 HA at 263 1:2,000; Invitrogen R960-25 V5 at 1:2,000; Santa Cruz 9E10 c-myc at 1:10,000). The membrane was washed in 1x Tris Buffered Saline with Tween-20 (TBST) buffer (10x TBST: 0.2 M Tris Base, 265 1.5 M NaCl, 1% Tween-20) before incubation at room temperature for 30 minutes with a Horse 266 Radish Peroxidase (HRP) conjugated secondary antibody (Bio-Rad 1706516 at 1:10,000) in 5% 267 Once density reached 0.5-0.6 OD600, an untreated sample was plated for each strain before 293 cells were treated with 0.01% MMS. 30-minute time points were taken up to 120 minutes for 294 each strain. A Millipore Scepter with 40 µm tips was used to measure cells/mL at each time 295 point. Approximately 500 cells were plated across five YPD plates, with approximately 100 cells 296 per plate, for each strain and at each timepoint. Samples were blinded before plating and the 297 plates were incubated at 30° for 48 hours. Colony forming units were counted for each blinded 298 sample and once all plates were counted, the results were unblinded. At each timepoint the 299 number of colonies was calculated as a proportion: the total number of colonies for that strain 300 at that timepoint relative to the total number of colonies for that strain at the untreated time 301 point (t=0). Data were graphed using Prism 5.0b and the standard error of the mean is shown. Table provides a reference for  321 all genes, strains, software, and many reagents used in this study. Table S1 contains all strains 322 used in this study. Table S2 contains all plasmids used in this study and a brief description of 323 their purpose. Table S3 contains all primers used in this study and a brief description of their 324 purpose. File S1 has a detailed explanation of how all plasmids used in this study were 325 constructed. All supplemental files, including the Reagent Figure 1A ). We deleted either SML1 or 338 CRT1, regulators of dNTP pools that were previously shown to suppress the lethality of mec1∆ 339 and rad53∆ (HUANG et al. 1998; ZHAO et al. 1998 ). While it is most common in the literature to 340 use sml1∆ to rescue mec1∆ lethality, there is evidence that SML1 deletion can mask telomere 341 length phenotypes (LONGHESE et al. 2000) . Therefore, we initially compared the effects of 342 deleting sml1∆ or crt1∆ on telomere length in tel1∆ or mec1∆ mutants. 343 344 All of our experiments were carried out in haploid yeast, however, to avoid telomere length 345 changes that can occur with long term propagation of haploids, we standardly generated fresh 346 haploids by sporulating heterozygous diploids (see methods). We generated diploid strains that 347 were heterozygous for TEL1/tel1∆ MEC1/mec1∆ SML1/sml1∆ and CRT1/crt1∆ and then 348 sporulated to obtain haploids with specific mutant combinations. While sml1∆ and mec1∆ 349 sml1∆ cells had telomeres similar to wild-type cells, crt1∆ cells had slightly shorter telomeres the short telomeres reported in mec1-1 and mec1-21 cells (data not shown) (RITCHIE et al. 1999) . 353 tel1∆ sml1∆ cells showed short telomeres very similar to tel1∆ mutants. However, tel1∆ crt1∆ 354 telomere lengths were slightly shorter than tel1∆ sml1∆ ( Figure 1B , compare lanes 14-15 to 355 lanes 16-17). We conclude that sml1∆ masks the short telomere phenotype of mec1∆ cells 356 while crt1∆ does not, although crt1∆ has a mild telomere shortening effect on its own. 357
358
To examine whether Rad53 plays a role in the Tel1 or Mec1 telomere length pathway, we 359 generated diploids heterozygous for TEL1/tel1∆ MEC1/mec1∆ RAD53/rad53∆ and CRT1/crt1∆ 360 and sporulated to obtain specific mutant combinations. We observed that crt1∆ suppresses 361 rad53∆ lethality, consistent with previous reports ( Figure S1B ) (HUANG et al. 1998 ). We 362 compared mec1∆ crt1∆ telomeres to mec1∆ rad53∆ crt1∆ and observed no additive shortening 363 ( Figure 1C , compare lanes 7-8 to lanes 5-6), which is consistent with Rad53 functioning in the 364 Mec1 telomere length regulation pathway. In contrast, we found there was additive shortening 365 in tel1∆ rad53∆ crt1∆ telomeres compared to tel1∆ crt1∆ ( Figure 1C , compare lanes 11-12 to 366 lanes 15-16), supporting the conclusion that Tel1 and Rad53 are in different length regulation 367 pathways. However, tel1∆ rad53∆ crt1∆ telomeres were slightly longer than tel1∆ mec1∆ crt1∆ 368 telomeres ( Figure 1C , compare lanes 11-12 to lanes 13-14), suggesting that either Rad53 has 369 functions in both the Tel1 and Mec1 telomere length pathways or that Rad53 acts exclusively in 370 the Mec1 telomere length pathway which also relies on additional Mec1 substrates for 371 telomere length regulation. 372
To examine the role of Rad53 as a Tel1/Mec1 substrate that mediates telomere length, we 376 examined a Rad53 mutant where Tel1/Mec1 S/T-Q phosphorylation motifs were mutated to A-377 Q. Previous work demonstrated that a subset of the Rad53 S/T-Q motif clusters are critical for 378
Rad53 function in the DNA damage response and that this mutant, rad53 1-4/9-12AQ , could not 379 respond to Mec1 or Tel1 regulation (LEE et al. 2003) . Both Rad53 and rad53 1-4/9-12AQ were viable 380 when expressed off of a plasmid using the endogenous promoter in rad53∆ cells and did not 381 require co-deletion of SML1 or CRT1 ( Figure S1A and data not shown). We integrated 3xFLAG-382 tagged rad53 1-4/9-12AQ or 3xFLAG-tagged RAD53 at the endogenous locus in TEL1/tel1∆ 383 MEC1/mec1∆ CRT1/crt1∆ diploid cells to better control the segregation of these alleles. Rad53 384 and Rad53 1-4/9-12AQ were stably expressed, as shown previously (LEE et al. 2003)(data not 385 shown). Unlike the plasmid expression system, we noted that integrated rad53 1-4/9-12AQ is lethal 386 unless it co-segregates with sml1∆ or crt1∆ ( Figure S1B ). rad53 1-4/9-12AQ crt1∆ cells had shorter 387 telomeres than RAD53-tag crt1∆ cells ( Figure 1D , compare lanes 7-8 to lanes 5-6), 388 demonstrating that phosphorylation of Rad53 contributes to telomere length regulation. 389
390
We did not observe additive shortening in mec1∆ rad53 1-4/9-12AQ crt1∆ cells compared to mec1∆ 391 crt1∆ or rad53 1-4/9-12AQ crt1∆ cells ( Figure 1D RAD53/rad53∆ and CRT1/crt1∆ and diploids heterozygous for TEL1/TEL1-hy909 MEC1/mec1∆ 408 and CRT1/crt1∆. We first examined the DNA damage response in haploid cells by challenging 409 them with a DNA-damaging agent, methyl methanesulfonate (MMS). mec1∆ crt1∆ cells were 410 sensitive to DNA damage while TEL1-hy909 mec1∆ crt1∆ cells were not (Figure 2A ), consistent 411 with previous reports (BALDO et al. 2008 ). This indicates that Tel1 hyperactivity can rescue the 412 DNA damage response in a mec1∆ mutant. Like mec1∆ crt1∆, the rad53∆ crt1∆ cells were also 413 sensitive to DNA damage ( Figure 2B ). However, unlike TEL1-hy909 mec1∆ crt1∆ cells, TEL1-414 hy909 rad53∆ crt1∆ cells were still sensitive to MMS challenge ( Figure 2B ). Further, while TEL1-415 hy909 was able to rescue mec1∆ lethality ( Figure S2A ), as previously shown (BALDO et al. 2008) , 416 TEL1-hy909 was not able to rescue rad53∆ lethality ( Figure S2B ). These data indicate that Rad53 417 is essential to mediate the Tel1-hy909 DNA damage response. 418
We next examined telomere length in TEL1-hy909 and TEL1-hy909 rad53∆ crt1∆ mutants. TEL1-420 hy909 rad53∆ crt1∆ cells had an intermediate telomere length between TEL1-hy909 and rad53∆ 421 crt1∆ ( Figure 2C ). This indicates that either Rad53 has a partially redundant role in the Tel1 422 telomere length regulation pathway or that Rad53 and Tel1 function in independent pathways. 423
We reasoned that if Rad53 was important for Tel1-hy909 telomere elongation then telomeres 424 would not further elongate with increased divisions in the absence of Rad53. We passaged 425 TEL1-hy909 rad53∆ crt1∆ cells and observed that telomeres elongated with further passages 426 ( Figure 2D ). This suggests that Rad53 is not required for Tel1 telomere length regulation which 427 is in stark contrast to the Rad53-dependence of Tel1-hy909 for the DNA damage response 428 ( Figure 2A ). Together, these data suggest that Rad53, likely with other unidentified proteins, 429 functions in the Mec1 telomere length pathway, but is not required in the Tel1 telomere length showed that mutation of all S/T-Q motifs in Xrs2 to A-Q had no effect on the DNA damage 441 response or on telomere length (MALLORY et al. 2003) . To further probe whether MRX 442 phosphorylation affects function, we mutated all S/T-Q motifs across the entire MRX complex 443 and examined the effect on DNA damage response and telomere length. 444 445 Each MRX gene was epitope-tagged, the S/T-Qs were mutated to A-Qs, and the construct was 446 integrated at the endogenous locus ( Figure 3A) . We generated three strains with each gene 447 individually mutated at all S/T-Q sites, termed mre11-4A, rad50-10A, and xrs2-4A, as well as a 448 strain containing all three mutants, termed mrx-18A (see methods). As a control, we generated 449 a strain with all three proteins epitope-tagged but with wild-type coding sequence, referred to 450 as MRX-tag. Individually, and in combination with one another, the altered proteins were stable 451 as determined by western blot, indicating that mutations do not affect protein stability (Figure 452 we tested the mrx-18A mutant for MMS sensitivity. None of the MRX S/T-Q mutants 456 individually or in combination showed increased sensitivity to MMS, hydroxyurea, bleomycin, 457 or 4-nitroquinoline ( Figure S3A and data not shown). We noted tel1∆ alone does not have 458 detectable MMS sensitivity ( Figure S3A ) but there is an observable increase in MMS sensitivity 459 in tel1∆ mec1∆ sml1∆ compared to mec1∆ sml1∆ ( Figure S3B ). To take advantage of this 460 increased sensitivity, we put mrx-18A and MRX-tag in the sensitized background of mec1∆
Using the spotting assay, it was difficult the determine whether the sensitivity of mrx-18A 464 mec1∆ sml1∆ cells was increased compared to MRX-tag mec1∆ sml1∆ cells ( Figure S3B ). To 465 quantify the subtle DNA damage defect of mrx-18A mec1∆ sml1∆ cells we used a more sensitive 466 assay where colony forming units are counted as cells are treated with MMS over time. In this 467 quantitative assay we observed no difference in MMS sensitivity between mrx-18A mec1∆ 468 sml1∆ cells compared to MRX-tag mec1∆ sml1∆ ( Figure 3C ). We also noted in this assay that 469 MRX-tag mec1∆ sml1∆ cells were slightly more sensitive than mec1∆ sml1∆, suggesting the tags 470 have a small effect on MRX complex function ( Figure 3C ). The epitope tags do not greatly 471 disrupt function as this small effect was only observed in a mec1∆ sml1∆ sensitized background. 472
No increased sensitivity was observed in response to 4-nitroquinoline, bleomycin, or 473 hydroxyurea ( Figure S4A-C) . As a control, we also examined mrx-18A tel1∆, and found no 474 increased MMS-sensitivity ( Figure S4D ). 475
476
In addition to its role in homology-directed repair, MRX also plays a critical role in Non-477
Homologous End Joining (NHEJ) in yeast (MOORE AND HABER 1996). We tested the effect of mrx-478
18A on NHEJ using a plasmid re-ligation assay (BOULTON AND JACKSON 1996) and found no effect 479 of mrx-18A compared to MRX-tag ( Figure 3D ). These data suggest that phosphorylation of MRX 480 by on S/T-Q sites does not play a major role in NHEJ. 481
482
We next examined the telomere length phenotype of the mrx-18A mutant and found no effect to untagged alleles, consistent with a slight defect seen in the DNA damage assay, however, 485 mre11∆ was significantly shorter by comparison ( Figure 3E ). Individual mutant subunits, mre11-486 4A, rad50-10A, and xrs2-4A, also had no effect on telomere length ( Figure S5 ). To determine 487 whether a change in telomere length would be seen after further cell divisions, we streaked 488 mrx-18A cells for approximately 120 population doublings and still saw no effect on telomere 489 length ( Figure 3F ). These data suggest that phosphorylation of the MRX complex by Tel1 or 490
Mec1 on S/T-Q sites is not critical for telomere length regulation. 491 492 MRX is required downstream of Tel1 for the DNA damage response but not telomere length 493
494
The lack of requirement for MRX phosphorylation by Tel1 or Mec1 raised the question of 495 whether MRX is required downstream of Tel1. Because double mutants of either mre11∆, 496 rad50∆, or xrs2∆ with tel1∆ produces a short telomere phenotype similar to any individual 497 mutant, it is not possible to establish epistasis. Therefore, we performed epistasis analysis with 498 the TEL1-hy909 hypermorphic allele and mre11∆, rad50∆, or xrs2∆. As described earlier, TEL1-499 hy909 elongates telomeres and provides a stark contrast to the short telomeres in mre11∆, 500 rad50∆, or xrs2∆ cells. Many studies suggest Tel1 and MRX act in the same epistasis pathway 501 and current models indicate that MRX recruits Tel1 to a DNA double-strand break, activates the 502 kinase, Tel1 phosphorylates MRX, and then MRX processes DNA ends for repair (OH AND 503 SYMINGTON 2018; PAULL 2018). Analogous pathways have been proposed for Tel1 and MRX in predicting that the MRX complex is downstream of Tel1 and that the MRX complex should be 506 epistatic to Tel1 in both the DNA damage response and telomere length regulation. 507
508
To examine the epistasis of MRX and Tel1, we generated strains heterozygous for TEL1/TEL1-509 hy909 MEC1/mec1∆ and SML1/sml1∆ together with individual heterozygous deletions of 510 mre11∆, rad50∆, or xrs2∆ and initially examined the DNA damage response. We observed the 511 TEL1-hy909 mre11∆ double mutants were as sensitive to MMS as mre11∆ alone ( Figure 4A Figure S6 ). This was also true for TEL1-hy909 mec1∆ rad50∆ and TEL1-hy909 518 mec1∆ xrs2∆ (not shown). 519 520 We next examined telomere length in TEL1-hy909 mre11∆, TEL1-hy909 rad50∆, and TEL1-hy909 521 xrs2∆ double mutants and found that, surprisingly, in all three cases the double mutants had 522 long telomeres, similar to TEL1-hy909 alone ( Figure 4B ). This indicates that, unlike the DNA 523 damage response, MRX is not epistatic to Tel1 for telomere length. Because this result differs 524 from previous findings, we repeated the experiment in the strain background (W303) used in 525 the previous study (BALDO et al. 2008) . In this analysis, all three independently derived double 526 mutants TEL1-hy909 mre11∆, TEL1-hy909 rad50∆, and TEL1-hy909 xrs2∆ showed long telomeres consistent with our initial findings ( Figure S7A ). We also passaged TEL1-hy909 xrs2∆ 528 for 120 population doublings to see if shortening might occur with further divisions. Instead, we 529 found telomeres elongated further with passaging ( Figure S7B ). These data suggest that MRX is 530 not required downstream of Tel1-hy909 to carry out telomere elongation. 531
532
To further investigate the requirement of nuclease activity at the telomere, we tested the 533 epistatic relationship between TEL1-hy909 and deletion of Sae2(CtIP), which stimulates Mre11 534 (LENGSFELD et al. 2007 ), or Exo1, which has been suggested to play a role in telomere processing 535 (MOREAU et al. 2001) . We generated diploid strains that were heterozygous for TEL1/TEL1-536 hy909 EXO1/exo1∆ and diploid strains that were heterozygous for TEL1/TEL1-hy909 537 SAE2/sae2∆. TEL1-hy909 exo1∆ cells and TEL1-hy909 sae2∆ cells had long telomeres, similar to 538 TEL1-hy909 alone ( Figure 4C, compare lanes 5-6 to lanes 7-8 and lanes 13-14 to lanes 15-16) . 539
These data support the hypothesis that telomere resection by MRX/Sae2 or Exo1 is not 540 required for telomere length maintenance. 541 542 Rad50S activates Tel1 for telomere length maintenance 543
544
The ability of Tel1-hy909 to generate long telomeres in the absences of MRX suggests that this 545 hypermorph is constitutively active as it does not require activation by MRX. As an independent 546 approach to determine whether MRX is only required upstream of Tel1 in telomere length 547 regulation, we performed the a similar epistasis experiment using tel1∆ and a previously 548 identified MRX complex mutant, rad50S (ALANI et al. 1990 ). Rad50S produces a long telomere phenotype which has been attributed to increased Tel1 activation (KIRONMAI AND MUNIYAPPA 550 1997). rad50S mutants are reported to have a sporulation defect (USUI et al. 2001 ), therefore 551 we performed these experiments in haploid cells. We used CRISPR/Cas9 to knock-in the rad50S 552 allele at the endogenous RAD50 locus (Anand et al. 2017) . Elongated telomeres were observed 553 after cells were passaged for approximately 120 population doublings ( Figure 4D, lanes 3-4) . In 554 these haploids, we subsequently introduced a tel1∆ or TEL1-hy909 allele at the TEL1 locus. As a 555 control, parallel strains were generated where a mre11∆ allele was introduced at the MRE11 556 locus. Without Mre11, Rad50S should not be able function in the MRX complex and the 557 hypermorph activity will not be observed. rad50S tel1∆ double mutants showed short 558 telomeres, similar in length to tel1∆ ( Figure 4D ) indicating rad50S does not affect telomere 559 elongation by acting downstream of Tel1. Telomere shortening was also observed in rad50S 560 mre11∆ cells, as expected ( Figure 4D) . These experiments suggest that Tel1 is required for the 561 telomere elongation seen in rad50S cells. Further, rad50S TEL1-hy909 had very long telomeres 562 similar to TEL1-hy909 ( Figure 4E ). Our data indicate that MRX activates Tel1 but does not 563 contribute to processing of telomeres to allow telomere length regulation after Tel1 activation. 564
In contrast, the MRX complex is critical downstream of Tel1 for the DNA damage response 565 ( Figure 5) . telomere length regulation suggested that MRX recruits and activates Tel1 at the telomere, 584 then MRX processes telomere ends to promote telomerase elongation (LARRIVEE et al. 2004; 585 BONETTI et al. 2009 ). In this model, Mec1 is considered secondary to Tel1 for telomere length 586 regulation and its function was presumed to be redundant. In contrast, we show that Mec1 and 587
Rad53 act in a separate, non-overlapping pathway from Tel1 for telomere length maintenance. 588
Together these data demonstrate that the Tel1 and Mec1 pathways differ significantly for the 589 DNA damage response and telomere length regulation. 590
The role of Mec1 in telomere length regulation has remained poorly understood, in part 594 because of discrepancies in reported telomere length phenotypes. mec1∆ sml1∆ telomeres 595 appear similar to wildtype while mec1∆ crt1∆ telomeres are shorter than wildtype ( Figure 1B) . 596
Both sml1∆ and crt1∆ suppress the lethality of mec1∆ through upregulation of different 597 pathways that regulate nucleotide pools (HUANG et al. 1998; ZHAO et al. 1998) . Several studies 598 suggest that the increased telomere length in mec1∆ sml1∆ compared to mec1-1 and mec1-21 599 alleles is due to increased telomerase processivity with increased dGTP levels (GUPTA et al. Previous work has shown that Tel1 or Mec1 phosphorylation of Rad53 is critical for the DNA 614 damage response. Our data demonstrate an additional role for Rad53 phosphorylation in telomere length regulation. This phosphorylation is likely primarily performed by Mec1, as our 616 data indicate that Rad53 is in the Mec1 telomere length pathway and it has previously been 617
shown that Mec1 phosphorylation of Rad53 is predominant in the DNA damage response (USUI 618 et al. 2001) . We cannot exclude the possibility that Tel1 phosphorylation of Rad53 contributes 619 in a small way to telomere length regulation. However, the TEL1-hy909 hypermorphic allele 620 showed telomere elongation in the absence of Rad53 ( Figure 2D ), suggesting that Tel1 does not 621 require Rad53 for telomere length regulation. Our model suggests there are as yet unknown 622 substrates that mediate the Tel1 effect on telomere length ( Figure 5 rad53∆ are thought to be lethal due to an inability to upregulate ribonucleotide reductases for 630 DNA repair. Tel1-hy909 has increased catalytic activity in vitro and is able to phosphorylate 631 Rad53 more efficiently than Tel1 (BALDO et al. 2008) . Tel1-hy909 likely rescues mec1∆ lethality 632 because of its increased ability to activate Rad53. Our finding that TEL1-hy909 cannot rescue 633 rad53∆ places Rad53 as the critical mediator of Mec1: Mec1 loss can be compensated for by 634 Tel1-hy909 but this hypermorph cannot compensate for loss of Rad53. 635
The MRX complex is epistatic to TEL1-hy909 in the DNA damage response, as TEL1-hy909 637 mre11∆ was just as sensitive as mre11∆ to MMS challenge. This was also true for the other MRX 638 complex components. We unexpectedly found that TEL1-hy909 mec1∆ mre11∆ is lethal while 639 TEL1-hy909 mec1∆ is viable ( Figure S6 ). It is unclear why the TEL1-hy909 rescue of mec1∆ 640 viability is MRX-dependent. Previous models would suggest this is because the MRX complex is 641 required for Tel1 activation. However, our data indicate that the TEL1-hy909 allele is 642 constitutively active. 643 The fact that Tel1-hy909 telomere elongation can occur in the absence of the MRX complex 656 indicates that telomere elongation is possible without telomere end processing by MRX. This 657 epistasis indicates that the Tel1-hy909 hypermorph has bypassed the need to interact with MRX for its activation, and that the point mutations in the TEL1-hy909 allele promote 659 constitutive catalytic activity. This finding, combined with the fact that the mrx-18A mutant has 660 no telomere length defect, suggest that Tel1 does not require MRX for telomere length 661 regulation after it is activated. Further, the only known mutants in MRX that decrease telomere 662 length are those that decrease the MRX complex interaction with Tel1. 2009). This is consistent with our observation that, like mre11∆, TEL1-hy909 elongates 672 telomeres in sae2∆ and exo1∆ cells ( Figure 4C ). We conclude that cells with deletions of MRX 673 complex components have short telomeres because of the reduction in Tel1 activation, not 674 because the cell lacks the resection functions. 675 676 Our finding that MRX is not required downstream of Tel1 for telomere elongation has 677 important implications for telomere elongation models. Most models suggest that after 678 replication of the telomere the leading strand telomere is processes by a nuclease before 679 telomerase can elongate it. The presumption that leading strand replication leaves a blunt end genotype is indicated to the left of the panels. To account for growth differences between the 776 genotypes different amounts of cells were collected for the initial dilution. 0.5 OD of cells were 777 collected for WT and TEL1-hy909, 1.5 OD of cells were collected for mre11∆, and 8.0 OD of cells 778 were collected for TEL1-hy909 mre11∆. Strains used in this assay were yRK114, yRK126, 779 yRK128, yRK104, yRK141, yRK92, yRK93, and yRK122. (B) Southern blot analysis of telomeres 780 from strains with the indicated genotype. Two independent, haploid segregants were assayed 781 for each genotype. Segregants are from JHUy816, yRK79, yRK80, yRK81, and yRK83. Cells 782 underwent minimal propagation before genomic DNA was prepared. (C) Southern blot analysis 783 of telomeres from strains with the indicated genotype. Two independent haploids segregants 784 were assayed for each genotype. Cells underwent minimal propagation before genomic DNA 785 was prepared. Segregants are from yRK5089, yRK5090, yRK5093, and yRK5094. 786 (D)-(E) CRISPR/Cas9 was used to knock-in the rad50S allele into a wild-type haploid strain 787 (yRK114). A transformant that was not edited at the RAD50 locus but was transformed with the 788 Cas9 plasmid was used as a control and is referred to as RAD50 ( Figure 5D , lane 2). Both RAD50 789 and rad50S transformants were passaged on solid media for approximately 120 population doublings (see 5D lanes 2-4, yRK2112-5, yRK2113-5, and yRK2116-5). rad50S or RAD50 cells 791 were transformed to introduce tel1∆, mre11∆ ( Figure 5D lanes 5-10), or TEL1-hy909 ( Figure 5E  792   lanes 4-7) . Cells were passaged on solid media for approximately 120 population doublings. The 793 strains used were yRK2118-5, yRK2120-5, yRK2121-5, yRK2122-5, yRK2123-5, yRK2124-5, 794 yRK2125-5, yRK2126-5, yRK2127-5, and yRK2128-5. 
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